A low-cost heat-exchanger system that can be used in high-pressure/low-pressure 
Introduction
The objective of this study was to develop a low-cost solar water-heating system using a standard commercially available geyser that has a simple design, yet is reliable and efficient enough to collect large quantities of solar energy at very low cost for ordinary households in South Africa. The design was developed for low-cost urban housing developments as well as underdeveloped rural areas in South Africa. The study reports on the results obtained from the development of a low cost thermal energy and solar water heating system, where an effective lowcost heat exchanger was added to a conventional commercially available solar geyser in South Africa. Solar water-heating systems that are currently available in South Africa and Africa are mostly far out of the reach of low-income households -the current vendor supply cost in South Africa typically ranges at ZAR 10 000-30 000 per unit for moderate capacity systems (Price Check SA Co, 2018) . Thermal energy is transferred from a low-pressure large area thermal energy absorber system to the solar geyser through a novel heat exchanger heating element design and where the high pressure from the standard urban water supply grid was isolated from the low pressure thermal energy collection system. This enabled the collection of ten folds higher thermal energy as compared to collection capacity of other systems as are available on the market in South Africa and drastically reduce the price of effective stored and usable thermal energy for the household. Low cost materials as are available in supply stores were used for the construction of the system.
Experimental

Overview: Conceptual design
A low-cost large-area solar heat absorber was developed for his study at the University of South Africa (UNISA) Florida research laboratories, Johannesburg. Figure 1 shows a schematic diagram indicating the basic components of the system. The diagram shows a geyser (hot-water storage reservoir), which incorporates a low-cost heat-exchange coil system, a photovoltaic panel and pump, as well as electronic switchover systems to automate the switchover between electrical heating and solar heating.
The electrical geyser tank chosen for this study had a capacity to retain 150 litres of water, which can supply enough hot water for a family of five. Heat transfer in the heat exchanger is done by both conduction and convection. Where possible, components that are generally available to South African households are incorporated in the design of the adaptive system. The system had two electric circuits. The first one, a direct current (DC) and the second, an alternative current (AC) circuit. The DC circuit starts the pump, which causes the water to circulate from the solar collector through the heatexchange system. The AC circuit starts when the DC fails, when there is not enough solar energy available to drive the circulation pump or when the temperature in the geyser reservoir drops significantly. This incorporates adequate default routing in the design should some components fail during operation or should fouling of the circulation occur. In this case, the thermostat (TH) allows the AC power to flow through the coil of the electromagnetic relay. This interrupts the DC circuit as switch A1 is opened. At the same time, switch A2 closes and the geyser's electric heating element connects to grid electricity and, therefore, heat the water in the tank. At this point, P2-C2 switches on the solar system indicator light to indicate that the solar water-heating system is operating. A low-cost relay-based system design has been implemented, which simplifies operation and eliminates the need for computer technology.
There is no need to locate the tank above the solar heat collectors because the system does not need thermo-siphoning. This increases the application of the system in various household scenarios and enables large areas of solar heat collection to be implemented, while also making it possible to incorporate the system in the existing roof designs at a high level. The coil of the relay is alternately connected and disconnected to ensure that the system can utilise either solar energy or electricity, depending on climatic conditions. The system is, however, designed to function primarily as a solar water heater. The heat-exchange coils have been designed to replace the normal heating element and thermostat systems in conventional geysers. The mounting screws and flange of the thermostat unit were replaced with the copper heat-exchange coil and electric heating subassembly. Also important is that the water pressure in the solar collection and circulation system is low -this differs completely from the high-pressure system used in a normal household geyser. The low water pressure improves the reliability and lifetime of the system. The low-pressure heat-absorbing capability of the system ensures that it can be manufactured from low-cost materials. This improves the reliability of the system and allows the application of the system in low-cost housing developments and rural areas in South Africa. The design of the heat-exchange coils and the circulation rate are of paramount importance in such a system as they determine the rate of heat exchange between the solar heat absorber and the geyser reservoir. Figure 2 shows a picture of the final complete large-area low-pressure solar heat-collection system developed at the UNISA Florida research laboratory and under operation. The specific system utilises a conventional galvanised Inverted Box Rib (IBR) roof sheeting system with strips of black polyethylene piping aligned and suspended in the troughs of the sheeting. The circulation system in the piping was designed to enhance heat absorption in the lowtemperature zones, while reducing heat loss because of radiation and air convection in the high-temperature zones of the piping. A good compromise is, therefore, reached between efficient heat collection and keeping the cost of the design low. The low-cost large-area heatabsorbing system developed at the Unisa Research Development Laboratories. The design incorporates suspended black piping on reflective galvanised sheeting to increase the absorption of heat in the pipes from both above and below.
Design of the heat-exchanger coil
The heat-exchanger design was a very challenging part of the system design. To achieve the design basis and sizing of a heat exchanger, the thermal energy transfer considerations as published in handbooks by Lienhard and Lienhard (2011), Saha et al. (2016) and Schreyer (2011) were used. The system was designed to be used with an existing commercially available electric geyser, namely, a standard 150-litre household geyser with an inlet port with an inside flange diameter of 120 mm. These parameters would be the main constraint parameters of the system. The main goal of the design was that the heat-exchange coil had to fit easily into the port of the geyser, although small additional changes could be made to the system to accommodate an electrical heating element and a thermostat. The design of the heat exchanger was determined by the dimensions of piping and the sizing of coils that would generally be available from building supplies stores in South Africa. The study then chose final piping dimensions and operational parameters, including the circulation flow rate, that would optimise the heat transfer from the coil to the water inside the geyser, as predicted by preliminary theoretical calculations. Figure 3 shows the eventual conceptual design of the heat-exchange coil assembly. In this case, the heat-exchanging copper coil was merely added to an existing heater thermostat system by drilling extra holes in the side flange of the system to accommodate the inlet and outlet of the copper coil. The new adaptive unit could easily replace an existing electrical heater and thermostat unit by merely replacing it with the adaptive copper coil heat-exchange system.
Copper was chosen as conduction material. Dehydrated refrigeration tube was chosen for the coil material because it is commercially available at a reasonable cost and is easily processed. Copper piping is widely considered to be ideal for supply lines as it is resistant to corrosive elements; high temperatures and high pressure; and, generally, maintains its structural integrity with age. An empirical approach was followed by choosing piping diameters and the coil diameter according to the restrictions posed by the capacity of the reservoir tank (150 litres) and the inlet port flange of the geyser (120 mm diameter). Piping thicknesses were chosen based on piping designs that would be readily available from building supplies stores in South Africa. Piping lengths were chosen according to available space, as allowed by the lateral length of the geyser after allowing maximum spiralling. The coil spiral diameter was chosen based on the space available at the inlet port of the reservoir (geyser).
Then, detailed theoretical thermal conduction and pressure-flow analyses were undertaken to ensure adequate flow rates and laminar flow, and pipe thicknesses and lengths were refined based on these theoretical analyses. The chosen diameter of the coil spirals was as large as could be accommodated by the inlet port to reduce possible turbulent effects owing to curvatures during flow. The overall heat transfer is generally a function of the general resistance to the flow of heat and is usually based on analyses of component resistances. We know that heat flow from the hot material to a cold material is given by Equations 1 and 2.
where Фmax is the heat transferred from a hot fluid to a cold fluid, qtc is the thermal flow of cold water, ∆Tmax is the maximum variation of temperature, K is the global heat-exchange coefficient, Sm is the average surface of heat exchange, and ∆Tlm is the average logarithmic temperature difference. For the copper piping, the surfaces of heat exchange, Sh and Sc, related to the inner and outer surfaces of the piping; and also the coefficients of global heat exchange, kc and kc were introduced. A mathematical model was used to analyse the transfer of heat from the heating fluid to the thermal storage reservoir and the time of heat exchange, as well as to determine the thermal efficiency.
Consider the input (Thi) and output (Tho) temperatures of hot and cold water and the number of coils, the external diameter (Do) with rout, the inner diameter (Din) with rin, and the pipe's thickness (mm).
The circumferences of one spiral of the coil is given by Equation 3.
where ro' = (Do'/2) is the inlet diameter of tube coil. The number of turns was then calculated as: N = .
The total length of the coil in the geyser was determined using Equation 4.
Moreover, the inner volume (V) would be: V = πr 2 * L(t), in which r is the D/2 inlet diameter of the tube. The πr 2 is already known as A; thus, V = A* L(t) (litres).
The internal volume of the coil V = A*L(t), where A was the cross-section area of the coil, Lt was the total length of the coil; and A = π r 2 in m 2 ; and r was the inner diameter of the pipe.
The heat-exchange surface was then defined according to Equation 5.
The temperature difference between the inside and the outside of the pipe was defined according to Equation 6. 
As Sp and the maximal volume flow rate (Qv) of the pump were known, the speed of the fluid could be calculated as follows:
The maximum heat flow in the heat exchanger is given by Equation 8.
where ∆Tmax = Thi -Tci (°C) and qth = qmin * Cp Ф h = qtc (Thi -Tho) Watts Ф c = qtc (Tco -Tci) Фmin = Фc / ∆Tmax
The thermal efficiency was defined according to Equation 9.
with R =
the coefficient of imbalance.
The overall coefficient (K) is given by Equation 10.
The time that the exchanger would take to heat the water in tank is calculated using Equations 11 and 12.
t min = qc *V'/Ф max (minutes) (11)
Eventually, two coil designs that best satisfied all practical and theoretically considerations were chosen. These were selected to be manufactured as prototypes and to be empirically tested in a test system. In the final experiments, predictions about flow rates were empirically tested by applying different sizes of pumps as circulation media. A pump size was chosen that allowed for the highest possible circulation rate without introducing excessive visually observed turbulence at the outlet of the coil assembly. Table 1, Figure 3 and Figure 4 give an overview of the final specifications and characteristics of the heat exchanger system developed in this study. Figure 4 shows schematic diagrams of the final designs of the two heat exchanger coils as well as dimensions of the coils. Both coils were 114 mm in diameter (outer diameter), so that they could fit into the neck of the geyser, which was 115 mm in diameter. Each had a set of coils not exceeding 1200 mm in length, which is the inner length of the flange of the inlet port of the geyser. The final two spiralled copper pipes were (1) 12.7 mm in diameter, 0.71 mm thick and 15.24 m long (Heat-exchanging Coil A); and (2) 15.8 mm in diameter, 0.63 mm thick and 15.24 m long (Heat-exchanging Coil B). They were constructed and used in the tests and experiments. 
Efficiency of heat exchange along the coils
The overall heat exchange along the respective coils when the coils were supplied with a constant flow of water at 42 °C was tested. The coils were fed with water that was kept at a constant temperature in a second supply reservoir. To test the efficiency of each heat-exchanging coil, each exchanger was divided into seven segments (sections 1 to 7) along the coil and an appropriate temperature testing point was allocated to each section. Hot water at 42 °C was then circulated from a second reservoir with the aid of the solar pump. This procedure was followed to ensure a constant inlet temperature into the heater coils. The temperatures were then measured at each test point along the coils after the water had circulated for about five minutes. Figure 6 shows two temperature profiles for the test heat-exchanging Coil A and heat-exchanging Coil B after 15 minutes of circulation. The thin pipe coil, with 13 mm diameter piping, showed a very short heat-exchange profile along the coil, indicating that heat exchange occurred only over the initial sections of the coil. The thinner piping heat-exchange transfer was hence much faster, since the total heat energy injected into the heat exchanger was dissipated over a much smaller section of the coil. In the thicker pipe, because of the bigger surface area of the larger diameter pipe, the heat exchange seemingly occurred over a much larger section of the coil, which could have resulted in a much higher total transfer of heat from the coil to the water.
Overall performance of the heatexchanging coils
In this test, the overall performance or heat-transfer capacity of the heat exchangers was tested by heating 150 litres of water in the geyser from a temperature of 23 °C. The inlet temperature of the water was kept constant in a second supply reservoir, while the practical real temperatures of the receiving geyser were monitored at (1) the inlet of the heat-exchanging coil, (2) the outlet of the heat-exchanging coil and (3) at the outlet of the geyser itself. Figure 7 illustrates the observed results.
The overall results indicate that for heat-exchanging Coil A (thin tubing), the water in the geyser reached a geyser temperature of 40 °C within only 30 minutes of heating time. In heat-exchanging Coil B (thick tubing) the water rise in the geyser was very gradual; the water in the geyser took about 60 minutes to be heated to reach 40 °C (Figure 6b ). The total eventual temperature of the volume of water in the tank over the same period was 45 °C. The latter slower heating times observed for Coil B are presumably the result of lower heat transfer from the centre of the pipe to the walls of the pipe in the larger pipe. The slower heating of the reservoir water at the later stages of heating both cases is attributed to the smaller temperature differences between the circulated water in the tubing and the reservoir water, according to Equation 2 above. In both cases, however, the reservoir temperature was still increasing at a steady rate, indicating that the heat transfer from the coils was still present and effective even at high reservoir/geyser temperatures. The slight oscillations observed in the temperature profiles are attributed to the specific way the measurements were conducted, the time needed for the system to equalise during circulation and thermal syphoning inside the reservoir. The above results basically confirm the theoretical predictions that were derived in Section 2. Figure 7 illustrates the behaviour of the temperature of the water in the tank reservoir when 20 litres of water are taken from the geyser at once. Temperatures were taken every 15 minutes. The curve represents the variation in the geyser's water outlet temperature. This test, generally, confirms the previous results for the overall heating of the water in the geyser. Particularly impressive was the fast recovery time of the system after water had been extracted from the system. On the graph, the coordinate represents the progress of the time of exchange and heating of the water in the tank. There are 15 minutes between two points on the line. Thermal efficiency (E) of the construct was calculated with Equation 13 
Performance of the heat-exchanging coils when hot water was drawn from the reservoir geyser
Cost of the system
The entire prototype system was built using local materials that are commercially available in South Africa. The total purchase price of all the materials used in the construction of the adaptive tank heat exchanger was ZAR 6 745. If the system were combined with a low-cost heat collector at ZAR 5 000, the total cost of the heat-collection system would be approximately ZAR 12 000. The total capital outlay of ZAR 12 000 required is approximately half of the cost of a standard integrated solar water-heating system that is commercially available in South Africa (One Energy Company, 2018) .
Estimated saving
This calculates how much a household using this system would save over a ten years, which is the estimated lifetime of the system. The present study first estimated the usage cost of an electric geyser system, which included the price of purchase and the total cost of electricity in kWh per month over ten years. All the data on electric water-heating billing were obtained from the Eskom website (Eskom Residential Appliance Calculator, 2018) . and are applicable to a five-member household of 240 m 2 with a geyser thermostat setting of 70 °C. In the household, the total monthly usage of electricity for water heating is 860 kWh at a cost of ZAR 108 per month. As the total monthly electricity cost of ZAR1 208, the annual cost would be ZAR 14 500. Over a ten-year period, with 6% escalation in grid supply cost, the cost would be approximately ZAR 120 000. If the system purchase is considered, the total amount would be ZAR 72 500 + ZAR 3 000 = ZAR 75 500. The designed adaptive heat-absorbing and heat-exchange system would cost only ZAR 12 000. Thereafter water heating is largely free and only maintenance costs has to be taken into consideration.
This analysis demonstrated the following potential saving to households using the hybrid low-cost solar heat-absorbing and heat-exchange system: Assuming a 30% bad weather cycle per month, and assuming enough solar heat collection in winter to supply all hot water needs, the remaining electricity bill over a ten-year period would be approximately amount to ZAR 60 000 -a saving of approximately ZAR 140 000 over a ten-year period and a once-off capital outlay of approximately ZAR 12 000. This means that a household could save about ZAR 800 per month. A final derivation is that if the capital outlay is paid as an initial once-off payment, the outlay will be recovered in approximately 15 months. In the case of low-cost housing schemes, these costs could be absorbed in the initial capital outlay of the scheme and the dependency on the grid electricity could be reduced by about 60%. Assuming an average collection for a 4 x 4 metre absorber panel of 10 kWh x 6 = 60 kWh per day = 400 kWh per week = 1 500 kWh per month = 180 000 kWh over a ten-year period (given optimal weather) and an initial capital outlay of only ZAR 12 000, the estimates relate to an effective initial cost of ZAR 0.12 per kWh for the system.
The tests hence show that the system of approximately 15 m 2 area can be installed at a cost of approximately ZAR10 000-12 000. The system can provide hot water to a household in South Africa at approximately 12 cents per kWh, with a total heat storage capacity of up to 10 kWhrs per day. This implies a saving to the customer of up to ZAR 600 per month. The accumulated saving to a household over the ten year lifetime of the product is estimated at ZAR 200 000. As the thermal energy storage capacity of current systems as available on the market in South Africa are approximately 1 kWhr per day for a 1 square meter collector, this imply about a ten fold higher thermal energy collection capability as compared to conventional commercially available systems in South Africa. 
Conclusions
The following conclusions are derived from this study:
• By using a low pressure large area heat absorber, and low cost materials for the heat absorber, very large amounts of heat can be collected which is much larger as offered by current systems sold on the SA market, typically up to 400% larger.
• The system offers a major advantage that the heat absorber operates at low water pressure, while the geyser operates at high pressure and that can be connected to the standard watersupply system an urban water supply grid.
• It is possible to obtain good performance as well as large cost savings by adapting a low-cost large-area, flat roof, heat absorber and heat exchanger coil into a standard household geyser, and adding additive technologies such as a heat exchanger coil, a few switches and a solar powered pump to drive the circulation of the system.
• Further adaptive components can be added to the system, such as a final stage flat plate insulated glass cover absorber in order to further augment the final achievable temperature. The geyser reservoirs can also be mounted below roof level and small solar driving panels can be used to circulate the thermal energy as collected and stored. As a result of these features, the developed system is much more aesthetically pleasing than other systems currently available and installed in South Africa. Another option is to mount the low cost reflector and piping absorber systems vertically against walls which are facing the sun for most of the day. These could indeed appeal aesthetically and architecturally as well.
• The system can be incorporated in both lowcost and high-cost housing environments in South Africa.
• The estimated cost of using the system as developed in this study is 12 cents per kWh, which includes the once-off capital outlay, installation costs and a ten-year lifecycle.
• The technology and designs developed in the study have the potential to create many new business opportunities in South Africa, in both urban and rural areas. These opportunities include the manufacturing, installation and maintenance of unit. These aspects are all labour intensive, which can lead to the creation of many new job opportunities in South Africa and the rest of Africa.
